Measurement Errors during Characteriza tion of ERFs with Rotational Viscometers
Die
Electrorheological Fluids
The flow properties of electrorheological fluids (ERFs) can be reversibly and continuously controlled by application of an electric field. Conventional ERFs are suspensions that consist of a carrier fluid with very low electrical conductivity (such as silicone oils) and polarizable solid particles with dimensions between 1 �m and 100 �m. The solids content usually ranges from 30 % to 50 % [1] , [2] , [3] .
The viscosity of such ER suspensions ranges from hundred to several hundred mPa s in the absence of an electric field. Application of such a field causes polarization of the suspended particles, leading to formation of oriented, mechanically deformable chains along the direction of the electric field lines. As a result, ER-suspensions exhibit a thickening effect as well as a yield stress. The magnitude of these effects is dependent on the strength of the applied field. Using an electric field from 5 kV/mm-8 kV/m m typically leads to shear stresses in the test fluid on the order of 5 kPa.
r-----------, A study of ERFs in the shear mode can be conducted using a rotational viscometer with electrically isolated measurement fixtures. It is important to understand that commercially available viscometers are not designed specifically for testing ERFs, but instead are adaptations of standard viscometers. In these instruments, the application of an electric field can produce deviations and measurement inaccuracies. The most important causes of these deviations are briefly discussed below. From these considerations, methods to reduce measurement uncertai nty via changes to the ERF rotational viscometer and modifications of measure ment and data reduction procedures are deduced.
ERF Rotational Viscometer
Cylindrical rotational viscometers are generally used for characterizing ERFs. Typical designs are shown in Fig. 1 . Essential elements include a rotating drive shaft, torque transducer, rotational rate sensor, control and data reduction electronics, and a temper ature controlled vessel, i n which fixtures of various geometry can be incorporated and insulated to with stand high voltages. Cylindrical rotational viscometers differ based on whether the inner or outer member is rotated. In a Couette viscometer the outer cylinder rotates and the inner cylinder is stationary, while in a Searle viscometer the situation is reversed.
To examine ERFs, an electric field was induced by applying current to the inner and outer cylinders. in which the ratio between the radius of the cup R. and the radius of the inner cylinder R; is less than 1.1.
To minimize the possibility of breaking down the ERF, the measurement fixtures should have rounded edges.
3 Requirements of the Measuring Device
1 Protection of the transducer and data reduction electronics
To provide a field strength of several kV/m m, voltages on the order of several kilovolts must be supplied. High amplitude alternating currents can damage the viscometer's transducer as well as the control and data reduction electronics. This is especially true of inductive torque measurement systems. One must therefore adopt appropriate protection measures [6] . Under certain high voltage conditions, i n particular high humidity, arcing may occur across conductive sections of the viscometer. This serves to limit the maximum amplitude of the applied electric field. Blanketing the sample with an inert gas such as nitrogen can help in managing this problem [5] .
High Voltage Lead
An ERF rotational viscometer requires a high voltage lead to the rotating fixture. The voltage lead should have a minimal contact resistance that remains nearly constant over the entire range of rotational rate. If the contact resistance increases with rotation rate the voltage drop across the lead will increase, with a simultaneous decrease i n the current applied to control the ERF. In addition, the high voltage lead should impart a minimal braking moment to the rotor, and this moment should also be independent of rotation rate. This condition is especially critical for the Searle viscometer. In this device the torque applied to the test material is measured at the rotor and the braking moment from the voltage lead is superimposed on the measured quantity. If the value obtained for the braking moment is reproducible, then it can be eliminated via calculation. In the Couette viscometer the torque is measured on the stator, and one can compensate for the braking moment by controlling the drive motor's rotation rate.
Concentricity of the Fixtures
Concentricity of the cup and bob is an essential require ment of cylindrical viscometers. Eccentricity of the fixtures leads to a non-uniform pressure distribution across the perimeter of the cylinders. The resulting pressure distribution can be derived from the Reynolds differential equation. Fig. 2 shows the pressure distribution p(<p) and the gap width h(<p) for a Searle viscometer with an eccentric cylinder geometry.
The maximum pressure occurs in the region just prior to the minimum gap width. The high pressure at this Das Auftreten einer Exzenterbewegung konnte so wahl fUr ER-Suspensionen als auch fur homogene ERFs experimentell beobachtet werden [7] . Eine fehler freie Messung ist dann nicht mehr mi:iglich. Bei konven tionellen Viskosimetern ist der lnnenzylinder nur an einer Seite gelagert. Der so gebildete Kragarm ist im allgemeinen vergleichsweise lang und dunn und da durch nicht sehr biegesteif. Exzenterbewegungen sind durch eine beidseitige Lagerung des lnnenzylinders vermeidbar.
Applied Rheology Dezember/December 1996 point produces a radial force that acts on the inner cylinder. The inner cylinder is thereby pushed in the opposite direction, resulting in an eccentric movement of the cylinder. Eccentricity produces inhomogeneity in the electric field applied to the ERF, generating a field maximum at the point of eccentricity. This increases the maximum pressure (compared to the case of no electric field) and results in an amplitude of motion that increases with the applied field strength [8] .
The existence of eccentric motion can be experimentally observed in both ER suspensions and homogeneous ERFs [7] . An error free measurement is thus no longer possible. In conventional viscometers the inner cylinder has bearings only on one side. The torsion rod generally has a high L/0 and therefore does not have a high bending stiffness. Eccentric motion can be avoided by incorporating bearings on both sides of the inner cylinder.
4 Requirements of the Measurement Procedure
1 Natural vibrations of the viscometer
A cylindrical viscometer with its torque transducer and affixed inner cylinder represents an oscillatory mechanical system with a resonance frequency f". Because the shear stress i n an ERF induced by an alternating current rises and falls twice during a single period, an applied frequency of f ERr = f,/2 causes resonance vibration of the viscometer. In this case the torque transducer oscillates with an amplitude limited only by the maximum mechanical deformation. The frequency of the applied current must therefore be greater than f,/2 , so that the torque signal does not produce a destructive oscillation. In practice, it has been found that common viscometers require an applied frequency greater than 30 Hz.
Particle Migration in an Electric Field
All known ER suspensions subjected to direct current undergo a process called electrophoresis, whereby the suspended particles migrate to either the positive or negative electrode, depending on their surface charge. This can result in formation of a slip layer on the opposite electrode. With this layer, the no-slip condition becomes invalid and one observes a decrease in the shear stress transferred from the suspension to the rheometer fixture. This becomes particularly significant at high temperatures. Using non-constant alternating currents is a means of avoiding electrophoresis [6] .
In inhomogeneous electric fields, the polar particles migrate in the direction of increasing field gradient (dielectrophoresis) [9] . This effect i s observed i n both direct and alternating fields. When using cylindrical fixtures, field inhomogeneities originate at the edges between the outer cylinder and the bottom or top of the inner cylinder. Dielectrophoresis causes an increase in the particle density within the gap and a corresponding increase in torque with time [8] . This behavior is shown in Fig. 3 for an ER suspension consisting of polyurethane particles in silicone oil [2] .
To minimize the electrophoretic effect in this measure ment, a non-constant sinusoidal alternating current was applied. In this case, the field had an amplitude of 2 kV/mm and a frequency of 50 Hz. The shear rate was 500 s-1•
To avoid the effects of dielectrophoresis one should conduct short measurements at discrete shear rates, rather than continuous measurements at increasing shear rates as is commonly prescribed by software supplied with commercial viscometers. In addition, the ERF sample should be thoroughly mixed prior to each measurement, so that the particle concentration within the gap is always constant at the outset.
Edge Effects
The inhomogeneity of the electric field E and the bottom edge of the inner cylinder cause an additional torque Mdi s • which is superimposed on the torque arising from the ERF acting on the surfaces of the inner and outer cylinders, Mgap · For Searle visco meters, the braking moment from the high voltage connection to the inner cylinder also contributes to Mdi s · Thus, the total torque M; measured at the inner cylinder consists of two components:
(1)
The component resulting from edge effects is inde pendent of the length of the inner cylinder. Therefore, by changing the length of the inner cylinder one can measure a torque difference that is solely attributable to the ERF within the gap. Using this technique, the shear stress 't arising from the fluid in the gap can be determined from the torque difference 6M; in experi ments conducted with a short and a long inner cylinder, respectively. The length difference of the two cylinders �L and their respective radii are also part of the calcu lation as shown i n Equation (2) [6] . 
To minimize the influence of the sources of error dis cussed above, measurements should be conducted as follows [8] .
The torque signal M;(t) should be determined only at discrete shear rates. To determine the torque, the viscometer must first be rotated at the desired shear rate. The electric field can than be applied. At each shear rate D and field strength E, the torque signal M;(t) is determined with the short and then with the long cylinder.
The torque signal should be measured over a time of approximately one to two minutes (based on experience). For each torque value determined, one obtains an initial value of the torque M; by extrapolating the values back to the time when the electric field was applied. From these initial values M; one determines the ERF shear stress using Equation (2). This is done at each shear rate D and field strength E for both the short and long inner cylinders.
Measurement Example showing Edge Effe cts
Using the technique described above, boundary effects and the effect of the inner cylinder bottom surface geometry on the torque were examined. Fig. 4 shows the type of fixtures used. They consisted of an outer cylinder with a ceramic base and inner cylinders that differed in height (resulting in differences in gap length) and in the geometry of the cylinder's bottom surface. The gap width was 0.5 mm. Measurements were conducted at 40 oc with an ER suspension consisting of polyurethane particles in silicone oil [2] . To minimize electrophoretic effects, a non-constant sinusoidal alternating current was applied. A frequency of 50 Hz was used.
Measurements with both of the inner cylinders that had a conical base revealed that the difference between the torque values �M, increased with increasing rotation rate and field strength. The same behavior is also observed when inner cylinders with flat bottom surfaces are used. The measured torque values were identical for the inner cylinders with different bottom surface geometries. This was true for both the long and short cylinders. It thus follows that measurements using an outer cylinder with an insulating base will not be affected by the geometry of the bottom surface of the inner cylinder [8] . oscillation. In addition, when using ER suspensions the measurements can be affected by electrophoresis and dielectrophoresis. Also, residual field effects at the cylinder edges can cause additional contributions to the torque. Measurement uncertainty can be mini mized by appropriate design of the viscometer as well as the use of a difference procedure to determine the ERF shear stress. In this procedure, measurements are conducted at discrete shear rates with inner cylinders of different lengths.
Because there are currently no standards for measuring ERFs, materials made by different manufacturers are frequently tested under varying conditions. This makes comparisons difficult and complicates the design of ERF actuators. For these reasons, a practically oriented standardization of ERF measurement techniques should be a goal for the future. �Rh
